concentrations which allowed optimal growth. Two membrane proteins with apparent molecular masses of 31 and 16 kDa which were identified to be specific for Cl ؊ -grown cultures are possible candidates for a chloride uptake system.
The North Sea coast of Germany is characterized by intertidal flats (Wadden Sea) that are flooded regularly with seawater. The foreland or salt marshes are established by slowly sedimenting material and subsequent colonialization by salttolerating plants. Salt marshes, due to their higher elevation, are flooded only 100 to 200 times a year. One of the major factors in this environment which undergoes frequent changes is the salt concentration. Due to a more or less constant influx of salt via the sea wind, as well as floodings with subsequent evaporation of seawater, the salt concentration in the salt marshes can be as high as 10%, whereas the average salt concentration in the North Sea is approximately 3.5%. On the other hand, after heavy rainfalls it can decrease to freshwater concentrations.
Seawater contains 550 mM Cl Ϫ , which is equivalent to 95% of the anions present in seawater, and, therefore, chloride concentration is one of the chemical factors in salt marshes which undergo drastic changes. However, whether chloride is important for the physiology of marine or salt marsh bacteria or whether it is even involved in signaling and adaptation processes remains almost unexplored. Already in 1956, MacLeod and coworkers reported the isolation of Cl Ϫ -dependent organisms from seawater (9, 10) ; however, the organisms were not further characterized with respect to the nature of chloride dependence, and, unfortunately, they are no longer available in culture collections. Claus et al. reported the isolation of an aerobic, endospore-forming bacterium, Halobacillus halophilus (formerly Sporosarcina halophila), from salt marshes. In their original description, they described that H. halophilus grows optimally at approximately 0.5 to 0.9 M NaCl and that "chloride cannot be replaced by sulfate" (2) . Unfortunately, it was not determined whether growth failure was due to a lack of chloride or to a growth inhibition by sulfate, quantitative measurements were not done, and the physiology of the Cl Ϫ dependence was not analyzed. To unequivocally identify a chloride dependence of the salt marsh bacterium H. halophilus, we performed a detailed physiological characterization. This study unequivocally identifies chloride as an obligatory ion for H. halophilus, quantifies the requirements for chloride, reveals Br Ϫ and NO 3 Ϫ as a substitute for Cl Ϫ , indicates the presence of a chloride uptake system, and identifies two membranebound polypeptides which are possible candidates for the Cl Ϫ pump.
MATERIALS AND METHODS
Organism, cultivation, and growth experiments. H. halophilus (DSM 2266) was maintained on nutrient broth (NB) (Difco) supplemented with 0.05 M MgSO 4 and 0.5 M NaCl or 0.5 M NaNO 3 (in case the NO 3 Ϫ dependence of growth was to be determined). Growth experiments were done in 15-ml tubes filled with 5 ml of the indicated medium. After inoculation (1%), the cultures were incubated on a rotary shaker at 30°C. The optical density at 600 nm (OD 600 ) was determined in a Bausch and Lomb photometer. To determine the pH optimum, 0.05 M Tris (pH 7 to 10.5) or 0.05 M succinate (pH 5 to 6.5) was added to the medium, and the pH was adjusted as indicated in the experiments by the addition of NaOH or H 2 SO 4 . All data points given reflect the means of duplicate tubes from one experiment, and experiments were performed at least three times.
Preparation of cell suspensions and determination of chloride concentrations and internal volume. For preparation of cell suspensions, NB with the indicated NaCl concentrations was inoculated (1%) from cultures maintained at 0.5 M NaCl. Fresh cell suspensions were prepared for each experiment. Cells in the late logarithmic growth phase were harvested by centrifugation and washed once with 0.05 M Tris containing 0.05 M MgSO 4 and NaCl as indicated. The cell pellet was resuspended in the same buffer to a concentration of 2 to 5 mg/ml and stored on ice until use. The protein concentration of the cell suspension was determined by the method described by Schmidt et al. (20) , with bovine serum albumin as a standard.
The experiments were carried out in Eppendorf tubes filled with 0. ]dextrane were added to 10 ml of cell suspension. It was confirmed that the sugars were not taken up by the cells.
Preparation of cell extracts and SDS-PAGE. Precultures were grown for at least two transfers with the anion at the concentration indicated and then used to inoculate 200 ml of NB containing 50 mM MgSO 4 and the anion as sodium salt. The cells were harvested at an OD 600 of 0.5, washed twice with 0.05 M Tris (pH 7.8), resuspended to a final concentration of 2.5 to 4 mg/ml in 0.05 M Tris (pH 7.8), and broken up in a French pressure cell. Cell debris was removed by low-speed centrifugation, and the resulting cell extract was then centrifuged at 110,000 ϫ g and 4°C for 1 h. The pellet was resuspended in 2 ml of 0.05 M Tris (pH 7.8) to a final protein concentration of 1.5 to 2.5 mg/ml. The protein content was determined by the method described by Lowry et al. (8) , and 10 g of protein was applied to a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel according to the method described by Schägger and von Jagow (19) with 12.5% gels. Silver staining was done as described elsewhere (1) .
RESULTS

Dependence of growth on NaCl, Na
؉ , and Cl ؊ . To perform a quantitative analysis of the dependence of the growth of H. halophilus on salt concentration, NB was supplemented with different concentrations of NaCl. Growth was impaired in the absence of salt, but the growth rate increased sharply with increasing NaCl concentrations. The highest growth rates were obtained between 0.5 and 2.0 M NaCl, but even concentrations of as much as 2.5 and 3.0 M were tolerated with growth rates of 50 and 38%, respectively. In addition, the final yield was dependent on the NaCl concentration (data not shown). To determine the dependence on salt in more detail, single components of the medium were substituted, while the ion concentration in the medium was kept constant. First, the Na ϩ concentration was varied while the total salt concentration was kept at least at 0.5 M by the appropriate addition of KCl. Growth was strictly dependent on Na ϩ , and maximal growth rates were obtained at concentrations of between 0.5 and 2.0 M (data not shown). Na ϩ could not be substituted by Li ϩ or K ϩ . Of particular interest was the effect of Cl Ϫ on the growth of H. halophilus. To determine Cl Ϫ dependence, the NaCl concentration was varied from 0 to 1.0 M, while the total salt concentration was kept at least at 0.5 M by the appropriate addition of NaNO 3 . As can be seen from Fig. 1 , growth was impaired in the absence of Cl Ϫ , but increasing Cl Ϫ concentrations led to increasing growth rates. Saturation was obtained at 0.5 to 1.0 M Cl Ϫ . Interestingly, the final yield was also strictly dependent on the Cl Ϫ concentration, but the dependence showed a sigmoidal character; at 0.2 M Cl Ϫ , the final yield was only 1/10 of the maximal yield obtained at 0.5 M Cl Ϫ (Fig. 1 ). To confirm that the observed dependence was indeed due to a stimulation by chloride and not an inhibition by nitrate (which was used to keep the osmolarity constant), the following controls were performed. First, addition of 0.5 M NaCl to a culture containing 0.5 M NaNO 3 led to an immediate onset of growth indistinguishable from that of cultures maintained at 0.5 M NaCl. Second, when the total anion concentration was kept constant at 1.0 M by the appropriate addition of Na 2 SO 4 , the same chloride dependence was observed. Again, addition of NaCl to a culture containing Na 2 SO 4 led to growth indistinguishable from that of cultures maintained at 0.5 M NaCl. These experiments unequivocally demonstrate a dependence on chloride for growth and biomass production of H. halophilus. The amounts of chloride, NaCl, and Na ϩ that were required for growth as well as that were tolerated were in the same range and reflect the chemical composition of the salt marshes.
To Ϫ concentration resulted not only in a stimulation of growth but, concomitantly, in an uptake of chloride which, based on thermodynamic calculations, was energy dependent (see Discussion).
Adaptation of H. halophilus to chloride-free media. After heavy rainfalls, the salt concentration in salt marshes can decrease to freshwater concentrations and, therefore, we tested whether H. halophilus is able to adapt to salt-or chloride-free conditions. Even after incubations for as much as 4 weeks, H. halophilus did not grow in the absence of NaCl, indicating an obligate requirement for salt. However, when NaCl was replaced by NaNO 3 , approximately 90% of the cultures did grow after a variable adaptation time of approximately 30 h (Fig. 4) . The protein compositions of 10 cultures examined were identical, as judged by SDS-PAGE, and microscopic examination of spores embedded in agar revealed that growth in nitrate was not restricted to few cells but rather was a common event (4a), indicating adaptation rather than mutation and selection as a basis for this effect. Growth of NO 3 Ϫ -adapted cells was still strictly dependent on the salt concentration, but at any given NaNO 3 concentration the growth rate and the final yield were smaller in NaNO 3 -than in NaCl-containing medium (Fig. 4) . Upon retransfer of nitrate-adapted cells into Cl Ϫ -containing medium, cells grew without any lag phase and the growth rate was less than that in Cl Ϫ -maintained cells but greater than that in NO 3 Ϫ -adapted cells (data not shown). Under the same conditions, the cultures did not adapt to sulfate. These results demonstrate the potential of H. halophilus to adapt to changing environmental conditions, although the nitrate concentration in the salt marshes might be too low to sustain growth.
Cl ؊ -induced proteins in H. halophilus. To determine chloride-induced proteins, cell extracts were prepared from cultures grown in Cl Ϫ or NO 3 Ϫ media, separated into cytoplasm and membrane fractions, and subjected to SDS-PAGE. As can be seen from 
DISCUSSION
Living organisms depend on a variety of ions for growth, metabolism, and energy generation, and a requirement for a special ion might result from the adaptation of a microorganism to its environment. NaCl is present in almost all environments, and a biological role of Na ϩ is well documented in all kingdoms of life (4, 13) . Chloride, on the other hand, is essential for eucaryotes, in which it is required for solute transport, osmoregulation, and maintaining electrical balances (11), but there are only a few examples showing that chloride is involved in cellular functions in procaryotes. Microorganisms growing at elevated salt concentrations are faced with the problem of keeping the water activity of their cytoplasm high (7, 15) , and two types of osmoadaptation are known (6). First, compatible solutes which do not interfere with the central metabolism are synthesized. Second, salts are accumulated from the medium until the internal salt concentration equals the external one (the so called salt-in-cytoplasm mode of osmoadaptation). The major cations taken up are K ϩ and Na ϩ , along with Cl Ϫ as the major anion. Uptake of the negatively charged chloride against the electrical field (inside negative) is energy dependent, and halobacteria employ two modes for Cl Ϫ uptake, i.e., the lightdriven Cl Ϫ pump halorhodopsin (14, 21) and a light-independent Na ϩ /Cl Ϫ symporter (5). Since H. halophilus is also slightly halophilic, one could speculate that chloride is taken up in the course of osmoadaptation by the salt-in-cytoplasm type. However, studies by Trüper, Galinski and coworkers revealed that H. halophilus, grown at 10% salinity (1.7 M NaCl) in synthetic or complex medium, synthesizes different compatible solutes at concentrations of 0.8 mol/mg (dry weight) (6, 22) . Taking into account the determined internal volume, this would correspond to an internal concentration of about 1.0 M. Although a quantitative discussion is always difficult in view of the inherent problems with the measurements, this calculation makes a major role of chloride in osmoadaptation highly unlikely. However, a contribution of chloride to the mechanism of osmoadaptation cannot be excluded, and it is noteworthy in this connection that certain halophiles such as Pseudomonas halosaccharolytica and Bacillus haloalkaliphilus, which produce compatible solutes, also take up chloride. P. halosaccharolytica keeps its internal chloride concentration fairly constant at 0. (3) . It is noteworthy that photosystem II is stabilized not only by chloride but also by bromide or nitrate, a striking similarity to the anion dependence of H. halophilus. In addition, it was reported that photosynthesis in cyanobacteria (and plants as well) is dependent on chloride (3, 16) , and an active, ATP-dependent uptake of Cl Ϫ was demonstrated (24) .
It is evident from the data presented that chloride is taken up upon increase of the growth rate. This uptake is energy dependent. The magnitude of the membrane potential of H. halophilus is approximately Ϫ180 mV (16a), and if chloride is in equilibrium with the membrane potential, it would sustain a Cl e Ϫ /Cl i Ϫ gradient of 1,000. However, we determined a Cl e Ϫ / Cl i Ϫ gradient of approximately 2 under optimal growth conditions; therefore, this is clear evidence that chloride is taken up against the electrical field in an energy-dependent fashion. The nature of the driving force is unknown, but N-terminal sequencing of the membrane proteins found specifically in halide-grown cells will facilitate identification of the transporters. Whether chloride dependence is a striking feature of salt marsh or other halotolerant bacteria and whether chloride is involved in signaling of and adaptation to environmental changes such as salt concentration remain open questions. Recently, chloride-inducible genes in Lactococcus lactis were identified; however, the functions of the gene products are unknown and it is not known whether chloride is essential for growth of L. lactis (18) . Future studies are aimed at identifying the role of chloride in the physiology of H. halophilus in light of its environment, i.e., salt marshes.
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